Temperature is one of the important environmental parameters that determines the development of a crop from one stage to another. It is integral in the calculation of heat units. In this study, the thermal index concept is used to determine the length of the growing period of short season, medium season, and medium-late season maize crop varieties for different sowing dates (1st dekad of October to 1st dekad of January). The results show high spatiotemporal variation in the median growing period for all three maize varieties. The length of the growing period for the short, medium, and medium-late season varieties is relatively short during October to early December with values in some areas of less than 100, 120, and 120 days, respectively. The duration of the planting period increases exponentially in most places starting from the 2nd dekad of November to 2nd dekad of December, depending on the region and crop variety. Long growing periods are likely to align maize growing period with dates of high frost risk and water shortages. Thus, appropriate choice of sowing date taking into consideration the thermal time requirements of the cultivar is crucial for proper growth and development of the maize crop.
Introduction
Weather and environmental conditions during the growing period of the crop have a direct bearing on plant growth and development and hence ultimately affect the crop yield [1] . Gordon and Bootsma [2] and Olivier and Annandale [3] described growth as an increase in crop mass, height, and volume over a certain period while development is the timing of the crop phenology from one stage to another. Photoperiod and temperature are the main environmental conditions that affect the plant development but modern hybrid maize plants respond more to temperature and are less dependent on photoperiod [4] [5] [6] . Plant growth is caused by interactions of different environmental conditions at optimum temperatures while crop development is directly affected by temperature changes [2, 7] .
The period that a plant takes to complete a particular growth stage is directly related to temperature and particularly sums of daily temperatures [8] . Brown and Bootsma [9] stated that cool temperatures tend to slow down the growth while warm temperatures hasten maturity. This led to air temperature based indices like growing degree days (GDD), photothermal units, phenothermal index, and heat use efficiency being used in determining phenological characteristics of crops [8, 10] . The concept of thermal index or heat units commonly measured in GDD was first introduced in 1730 by Reanumur [11, 12] . Heat units are mostly defined as the amount by which mean daily temperature exceeds a certain base temperature [5, 11, 13, 14] . Thermal index is based on the assumption that the actual time to attain phenological stage is linearly related to the temperature range between base temperature ( ) and optimum temperature [10, 12, 15] . The base temperature for the maize crop is 10 ∘ C and, at this temperature and below, the rate of crop development is zero. Base temperatures differ for each plant species and the choice of appropriate temperature is core towards better modelling of their growth and development [6] .
Determination of the timing of phenological stage and maturity of crop cultivars in different environments is a crucial exercise that will enable the matching of cultivars 2 Advances in Meteorology using lengths of growing period to particular areas and sowing dates that will ensure optimum production [16] . It makes agronomic sense to represent crop development period in terms of heat units as compared to the number of days because climate conditions in one locality might cause the crop to mature early while in others maturity might be delayed. The crop will not always need the same number of days to reach maturity or another development stage but it will always need the same heat unit requirements [3] . Plants can withstand a certain temperature threshold and for better representation of crop development some calculations of thermal time incorporate the upper threshold temperature in which a crop can survive [11, 17] . Thus, thermal indices can be helpful to farmers in assisting them to select the hybrids and varieties that are suitable to their area [9] . The plant needs certain heat requirements for each stage and it cannot develop from one stage to the next advanced stage without receiving the necessary heat units [6] . The GDD can also be used to predict phenological events like expected date of flowering, maturity, or harvesting [11, 14, 18] .
The objective of this study is to determine the temporal and spatial variability of the number of days for the attainment of heat units required from planting to maturity of three different maize varieties (short, medium, and medium-late season) in the Free State Province of South Africa for different planting dekads starting in October to early January.
Data and Methods

Data.
Meteorological data consisting of daily minimum and maximum temperatures were obtained from the Agricultural Research Council (ARC) Agroclimate Database, the South African Weather Service (SAWS), and the Lesotho Meteorological Services (LMS). The stations used in the analysis are shown in Figure 1 . A 90 m × 90 m resolution altitude raster was obtained from the ARC GIS database.
Methodology.
Methods used in calculating seasonal heat units are outlined in Section 2.2.1 while Section 2.2.2 will show the methods used to determine the growing periods for different planting dates and for different varieties.
Calculation of Heat Units.
The heat units data was calculated on a daily basis using
where max , min , and are daily maximum temperature, daily minimum temperature, and base temperature (10 ∘ C), respectively.
The important condition for (1) is as follows:
Growing Period.
The daily heat units data were ordered in agricultural years starting on 1st July and ending on 30th June the following year. The number of days to attain short season (1340GDD), medium season (1420GDD), and medium-late season (1480GDD) variety seasonal heat units was calculated for all the stations in all the years [19, 20] .
These values represented the growing period needed for the maize to reach maturity not considering factors like frost, availability of water, or any other factors affecting plant growth and development. The planting dates considered in the investigation start in the first dekad of October and end in the first dekad of January, representing ten different planting periods. The analysis is done on a dekadal basis (10 days) whereby a month is divided into three dekads. In the first, second, and third dekads, planting is considered to be on 5th, 15th, and 25th, respectively, in this study. The first two dekads have 10 days and the last dekad can have 8 to 11 days depending on the month and year.
Statistical Analysis and Mapping.
All the time series data on the length of growing periods for short, medium, and medium-late maize varieties were then tested for normality using the Rainbow program. 50% probability of nonexceedence value was determined for all the stations at each planting period and maize variety. In this study, 50th percentile values showing the return period of 1 in 2 years values were analyzed because the median or average value is found to be used by many farmers or advisors in planning the agricultural season. Regression between the 50% nonexceedence probability values for each station, maize variety, and sowing/planting date was done against the altitude for interpolation purposes. Previous studies show a relatively good relationship between the temperature indices and altitude [21] . The curve estimation of different indices was performed by SPSS statistical software using the following models: linear, quadratic, cubic, exponential, logarithmic, -curve, inverse, and growth models, illustrated in (2) to (9) , respectively.
Linear model is
Quadratic model is
Cubic model is
Exponential model is
Logarithmic model is
-curve model is
Inverse model is Growth model is
where is the growing period estimate, alt is the altitude, and b 1 , b 2 , b 3 , and are constants. The results of this regression analysis were used to create maps using the raster calculator imbedded in ArcGiS 9.3 software. Table 1 shows the equation and 2 obtained in the regression analysis between growing period days for short, medium, and medium-late season varieties against altitude in the Free State. The models that resulted in better correlation between the two parameters are mostly linear, quadratic, and exponential and 2 was mostly over 0.80, with exceptions occurring after the 2nd dekad of November. High correlation values give more confidence in the created maps in Section 3.2 but careful consideration to areas in the values and mountainous places where the models might under/overestimate the lengths of the growing periods [22] . Coefficients of determination (
Results and Discussion
Growing Period.
2 ) for the growing periods from the 3rd dekad of November are mostly over 0.75, implying that over 75% of the variation of the growing period days is caused by variation in altitude. The lowest 2 value of 0.67 is obtained in the 1st dekad of January planting. This low value is attributed to the fact that planting in January extends the growing period to the winter season, increasing the number of days to achieve heat requirements to very high values (exceeding 250 days in places), especially at altitudes higher than 1300 m, as opposed to the western parts where altitude is less than 1200 m and growing season periods of around 150 days are attained.
Growing Period Maps.
The lengths of the growing period for short, medium, and medium-late season varieties are presented for planting dekads starting from the 1st dekad of October to the 1st dekad of January.
Short Season Maize Variety.
From the 1st dekad of October to 3rd dekad of December, a short season maize variety can grow for a period of less than 120 days based on the 50% risk (median) level for most places over the west and southwestern parts of the province (most parts of Lejweleputswa and northwestern Xhariep districts) ( Figure 2 ). But planting maize in October or earlier over these parts of the province under rainfed farming would be risky due to the fact that onset of rains occurs in November [22, 23] . Thus germination and early growth and development of the crop might be severely hampered. Beyond the 3rd dekad of December, the growing period increases exponentially to over 200 days from the 2nd dekad of January onwards, as illustrated by Figure 3 (Bothaville station). This is mainly attributed to slow rate of development in the months of March and April due to low temperatures [24] . The areas of shortest growing period are over the northwestern parts where planting a short [23] .
Most areas over the west and southwestern Free State experience a short rainy season and low rainfall amounts which makes planting of maize impossible unless under irrigation. Thus although these areas have a shorter growing period they are not desirable for rainfed maize production [22] . Over the far eastern and northeastern parts of the province the growing period is mostly longer than the other regions with values between 141 and 160 days from the 1st dekad of October to the 2nd dekad of November planting dates (Figure 2 ). Bethlehem and Frankfort stations in Figure 3 show that sowing dates for areas in the north, eastern, and northeastern places have short windows for planting short season maize as compared to other areas, mostly from October to November due to high incidences of frost before October [24, 25] . Growing periods in some of the high-lying areas in the same period exceed 200 days; these areas are not suitable for planting maize at any time of the year as they are susceptible to frost incidences throughout the growing period. Sowing dates occurring in December onwards mostly have growing periods exceeding 160 days (Figures 2 and  3) . Over 160 days to maturity implies that maturity can be as late as early June which is outside the main agricultural season and the period from May onwards is vulnerable to high climate hazards.
Medium Season Maize Variety.
The length of the growing period shows a lot of spatial variation with a southwest to northeast gradient for all the maize varieties ( Figures 2,  4 , and 6). The lowest growing periods are over the west and southwest of the Free State Province (areas west of and around Koffiefontein, Petrusburg and Boshof), increasing gradually to the east and northeast and peaking over the northeastern Free State (east of Bethlehem, Harrismith, Warden, and Vrede). This shows that the rate of heat units accumulation is lowest in the north and northeast and highest over the western parts of the Province.
Over the western parts most areas have a growing period for a medium season maize variety ranging from 101 to 120 days from the 1st dekad of October to 3rd dekad of November, except patches over the far western and southwestern district where the length of the growing period for the medium season variety is comparatively short (less than 100 days) (Figure 4 ). This period of shorter lengths can extend to the 3rd dekad of December depending on the location (Figures 4 and  5) . Beyond the 3rd dekad of November the growing period increases dramatically to over 200 days from the 2nd dekad of December onwards. The area extending from Philippolis over the southern parts to Sasolburg in the far northern region (including Bloemfontein, Winburg, Kroonstad, and Koppies) mostly has growing periods for a medium season maize variety between 121 and 140 days from the 1st dekad of October to 2nd dekad of November (Figures 4 and 5) . The longest growing periods are experienced over the eastern and northeastern regions where growing period for the medium season variety planted in the 1st dekad of October onwards exceeds 140 days (Figures 4 and 5 ). Other areas with long growing periods are over the southeastern parts. Growing periods of over 150 days cause the grain-filling and maturity stages of the crop to be in the months of May onwards which have low temperatures thus affecting the grain quality and can result in underdeveloped grains. Over the Free State frost onset is mostly in May onwards while the cessation of rains is also mainly in April or May [25] . Thus the growing periods for a medium season maize variety have lower chances of being subjected to climate hazards that can hamper the growth and development of the crop in western parts in most sowing dates while areas over the eastern and northeastern parts have a short sowing window ( Figure 5 ).
Medium-Late Maize Variety.
As for the medium-late season maize variety, the growing period in most parts of the Free State Province is less than 140 days for the sowing period starting from the 1st dekad of October to 2nd dekad of November (Figures 6 and 7) . The lowest growing periods are attained over the western parts with periods of less than 120 days for the medium-late variety from the 1st dekad of October to 1st dekad of December. Over the eastern and northeastern areas (vicinity of Bethlehem, Harrismith, Vrede, and Warden) the growing period exceeds 160 days while places over the valleys and towards the central sites can have relatively shorter growing periods ranging from 141 to 160 days with a few patches of less than 140 days ( Figure 6 ). Medium-late season varieties planted in November in most of the eastern, southeast, and some central parts have high chances of not reaching full maturity due to frost incidences during the months of April and May. The chances of the maize crop being affected by soil water shortages are also high [23] . Thus medium-late season varieties are highly vulnerable to climate risks like frost and water deficiency in some parts of the Free State Province especially when planted in November onwards.
Conclusions and Recommendations
Growing period for short, medium, and medium-late season maize varieties shows a good agreement with altitude over the Free State Province of South Africa. The linear regression models using altitude as the independent variable during the different sowing dates resulted in correlations mostly exceeding 90%. The growing period for all the planting dekads and varieties mostly showed a northeast to southwest gradient with relatively short periods over the southwestern parts of the province (an area extending from the border of Lejweleputswa and Xhariep district to the southwest of Koffiefontein) and increasing gradually to peak over the northeastern parts of the province (highlands over the Thabo Mofutsanyane district). These areas are attributed to low heat accumulation and other areas of relatively low heat energy are eastern Motheo and eastern Fezile Dabi districts [22] . The durations of the growing period (days) that are needed to fulfil the heat units requirement for the short, medium, and medium-late season varieties show a great spatial variation over the province. Short season growing periods were very short where periods of less than 100 days were recorded for most planting dekads. A medium season maize crop at these places can grow for less than 100 days but the period can be up to 120 days. A medium-late maize crop can grow for periods mostly between 101 and 120 days for most planting dekads. Planting a medium-late variety at these areas has an increased risk of crop failure (growing period expanding to periods after April) during the planting dekads in January onwards.
Most of the western parts of the Free State have growing periods for short maize varieties between 101 and 120 days for most planting dekads. After the 2nd dekad of December growing periods can extend to 140 days in these areas and in January onwards the period can extend to over 140 days, making some places more vulnerable to climate risks. The medium maize varieties over these places are expected to have a median growing period of between 101 and 120 days extending to 140 days in December onwards. After the 3rd dekad of December onwards growing periods can exceed 160 days for some places and the risk of crop failure for planting medium season maize increases tremendously, thus planting in this period is not recommended. The medium-late maize variety has a greater range of growing period in western, southern, central, and northwestern Free State ranging from 101 to 140 days. The growing period increases up to 160 days after the 3rd dekad of November especially over eastern Lejweleputswa. Great risk to production due to extended periods is experienced when planting a medium-late variety after the 1st dekad of December in most parts of the Free State. Planting in these periods coincides the grain-filling stages of maize with autumn season that is mostly characterized by high frost risk and high soil water deficits.
The northern and central parts of the province achieve their short maize variety heat unit requirements mostly between 121 and 140 days. The period can extend to 160 days in December onwards and from the 2nd dekad of December the growth of a short season maize variety is not advisable in these regions as it will have poor yield due to extended growing periods. The period required to fulfil the medium season maize variety ranges from 121 to 140 days and from the 1st dekad of December most parts of these regions experience extended growing periods subjecting the crop to high climate risks. The number of days to fulfil the heat unit requirements for the medium-late maize crop over these regions is mostly between 141 and 160 days. The period can extend to 180 days and above from the 3rd dekad of November onwards making it a high risk zone for planting a medium-late maize season over those regions.
Most parts of the eastern and northeastern Free State record a growing period of between 141 and 160 days for short season maize cultivars. The period can extend up to 160 days and above from the 2nd dekad of November onwards with increased risk of crop failure on and after the 1st dekad of December planting. The growing period for the medium season maize cultivar is between 141 and 160 days extending to 180 days after the 1st dekad of November. Planting of this variety after the 2nd dekad of November will result in crop failure caused mostly by high frost incidences. The mediumlate maize takes up to 180 days in this region extending to over 200 days in the 2nd dekad of November. After the 1st dekad of November planting medium-late maize variety will cause the crop not to reach full maturity. The planting window for maize production is smaller in the eastern and northeastern Free State due to extended growing periods caused by relatively low temperatures, thus planting of short to medium season varieties is recommended. For these areas, medium-late to late season varieties would most likely not attain full maturity before the onset of the frost season and hence negatively affect the maize productivity.
Agricultural advisors and farmers are advised to take careful note of the thermal requirements of maize varieties before they are planted due to large variability in growing (j) Figure 6 : Growing period in days at 50% nonexceedence probability for a medium-late season maize variety planted in the (a) 1st dekad of October, (b) 2nd dekad of October, (c) 3rd dekad of October, (d) 1st dekad of November, (e) 2nd dekad of November, (f) 3rd dekad of November, (g) 1st dekad of December, (h) 2nd dekad of December, (i) 3rd dekad of December, and (j) 1st dekad of January. periods. Timing of sowing date is therefore crucial for optimal plant growth and development in areas that are prone to agroclimatological hazards.
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